Background and Purpose-Small-vessel disease contributes to the pathophysiology of stroke, and retinal microvascular signs have been linked to the risk of stroke. We examined the relationship of retinal signs with incident stroke in a multiethnic cohort. 
S
everal epidemiologic studies have linked retinal microvascular signs with stroke and its related mortality. [1] [2] [3] [4] [5] [6] [7] [8] [9] Prospective data from these studies suggest that people with retinopathy signs have 2-to 3-fold higher risk of stroke than those without retinopathy signs. 1, 2 In addition, by using new computer-based technologies to measure retinal vessel caliber, widened retinal venular caliber has similarly been associated with increased risk of stroke. [3] [4] [5] [6] [7] However, most of the previous population-based studies were conducted in white populations, and some included people with clinical cardiovascular disease, a major potential confounder. Importantly, it remains uncertain whether the reported associations between retinal signs and stroke risk were related to subclinical large artery atherosclerosis.
In the Multi-Ethnic Study of Atherosclerosis (MESA), we have previously reported cross-sectional associations between retinal microvascular signs and measures of subclinical cardiovascular disease. [10] [11] [12] In this study, we examined prospectively the relationship between retinal microvascular signs and stroke incidence at the same time as adjusting for traditional and novel cardiovascular risk factors including high-sensitivity C-reactive protein (hsCRP), carotid intimamedia thickness (IMT), and coronary artery calcium (CAC).
Methods

Study Participants
The MESA is a prospective study of adults without a history of clinical cardiovascular disease. Subjects were recruited from 6
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December 2012 communities in the United States (Baltimore, MD; Chicago, IL; Forsyth County, NC; Los Angeles County, CA; Northern Manhattan, NY; and St Paul, MN). 13 In brief, between July 2000 and August 2002, each site examined approximately 1100 eligible participants, equally divided between men and women, according to site-specified racial and ethnic proportions. Eligible MESA participants were defined as persons living within the defined geographic boundaries for each field center who were between the ages of 45 and 84 years at enumeration, who categorized themselves as black, Chinese American, white, or Hispanic and who do not meet any of the exclusion criteria. Exclusion criteria included active treatment for cancer, pregnancy, any serious medical condition, which would prevent long-term participation, weight >300 pounds, cognitive inability as judged by the interviewer, living in a nursing home or on the waiting list for a nursing home, plans to leave the community within 5 years, language barrier (ie, spoke other than English, Spanish, Cantonese, or Mandarin), chest CT scan in the past year, or history of clinical cardiovascular disease. History of clinical cardiovascular diseases was assessed by self-reported information of a physician-diagnosed heart attack, angina, or taking nitroglycerin; physician-diagnosed stroke or transient ischemic attack; physician-diagnosed heart failure; current atrial fibrillation; or having undergone procedures related to cardiovascular disease (coronary artery bypass graft surgery, angioplasty, valve replacement, pacemaker or defibrillator implantation, any surgery on the heart or arteries). At the first examination (Visit 1), there were 6814 participants (52.8% women) aged 45 to 84 years.
Fundus photography was performed at the second examination (Visit 2; August 2002 to January 2004), which we considered as the baseline for this analysis. At Visit 2, 6231 (91.4%) participants returned; 6176 (90.6%) had retinal photography. Of these participants, we excluded 37 persons who had stroke before Visit 2, 528 with missing clinical information including follow-up or time-to-event time, and 762 with ungradable quality retinal images, leaving 4849 participants for analysis ( Figure 1 ). Persons included in this analysis were younger, more likely to be non-Hispanic white, less likely to have diabetes, and more likely to have higher systolic blood pressure (BP) and greater body mass index. The tenets of the Declaration of Helsinki were followed, and Institutional Review Board approval was granted at each study site. Written informed consent was obtained from each participant.
Assessment of Retinal Microvascular Signs
Fundus photography was performed according to a standardized protocol using a CR6-45NM fundus camera with a digital Canon D-60 camera back (Canon Inc).
14 Both eyes of each participant were photographed for 2 photographic fields: the first centered on the optic disc (Early Treatment Diabetic Retinopathy Study Field 1) and the second centered on the fovea (Field 2). 15 Images were sent to the Ocular Epidemiology Reading Center at the University of Wisconsin (Madison, WI). Retinopathy was considered to be present if there are any lesion as defined by the Early Treatment Diabetic Retinopathy Study severity scale (ie, microaneurysms/ hemorrhages, cotton wool spots, intraretinal microvascular abnormalities, hard exudates, venous beading, retinal neovascularization, and other lesions of proliferative diabetic retinopathy.) 15 Persons without diabetes at every time point in the study with retinopathy equal to or greater than level 14 were considered to have nondiabetic retinopathy.
Retinal vessel caliber was measured using a semiautomated computer-assisted program following a detailed protocol. 16 Measurements from the right eye were used in this report, except that when retinal vascular diameter could not be measured in the right eye, the left eye photograph was used. For each photograph, the largest 6 arterioles venules coursing through a zone between 0.5 and 1 disc diameter away from the optic disc margin were measured as the central retinal artery and vein equivalents (Supplemental Figures 1-4) . 16, 17 Reproducibility of retinal vascular measurements has been reported previously with intra-and intergrader intraclass correlation coefficients ranging from 0.78 to 0.99.
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Assessment of Cardiovascular Risk Factors
Participants underwent interviews and assessments of cardiovascular risk factors during the course of the study. 13 Cardiovascular risk factors used for this analysis were collected at the second examination (baseline of this analysis) of the MESA. Resting BP was measured 3 times with participants in the seated position (Dinamap model Pro-100 automated oscillometric sphygmomanometer; Critikon, General Electric Healthcare, Piscataway, NJ). The MESA personnel-assessed medication use was confirmed by taking a medication inventory. Hypertension was defined as a systolic BP ≥140 mm Hg, diastolic BP ≥90 mm Hg, or use of medication prescribed for hypertension. Diabetes mellitus was defined as being present if the fasting glucose was ≥6.99 mmol/L or use of insulin or oral hypoglycemic medication. Dyslipidemia was defined as having lipid-lowering medications or those who qualified for treatment recommended in the Third report of the National Cholesterol Education Program Expert panel on detection, evaluation, and treatment of high blood cholesterol in adults (Adult Treatment Panel III). 19, 20 Body mass index was calculated as weight Trained technicians in each field center performed B-mode ultrasonography of the right and left near and far walls of the internal carotid and common carotid arteries using the Logiq 700 ultrasound device (General Electric Medical Systems, Waukesha, WI). 21, 22 Maximal IMT of the internal and common carotid sites as the mean of the maximum IMT of the near and far walls of the right and left sides was measured at an ultrasound reading center (Department of Radiology, Tufts-New England Medical Center, Boston, MA). Scanning centers assessed CAC by chest CT using either a cardiac-gated electron-beam CT scanner or a multidetector CT system. 21 A phantom of known http://stroke.ahajournals.org/ Downloaded from physical calcium concentration was included in the field of view; a radiologist or cardiologist read all CT scans at a central reading center (Los Angeles Biomedical Research Institute at Harbor-UCLA Medical Center, Torrance, CA) using an interactive scoring system similar to that used by Yaghoubi et al. 23 The Agatston CAC score 24 was computed based on plaque densities and their areas in coronary arteries. We used the natural logarithm (ln) of (CAC score+1) following our previous analysis because this transformation better normalized the CAC distribution.
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Assessment of Incident Stroke Events
New occurrences of stroke were recorded over 6 years of follow-up. 13 In brief, a telephone interviewer contacted each participant every 9 to 12 months. Information about all new cardiovascular conditions, hospital admissions, cardiovascular outpatient diagnoses, treatments, and deaths were obtained. th Revision codes of all death were reviewed and "underlying cause" under I** (except I60-I69), E10 to E14, J81, R96, R98, R99, and R07 or "any listed cause" under I20 to I23, I60 to I67, and G45 to G46 were reviewed by study staff. In the case of outof-hospital deaths, next-of-kin interviews or questionnaires were administered to physicians, relatives, or friends. 13 Two physicians from the MESA study events committee independently reviewed all medical records for end point classification and assignment of incidence dates. The reviewers were blinded to the study data. If the reviewing physicians disagreed on the event classification, they adjudicated differences. If disagreements persisted, the full events committee made the final classification. Neurologists reviewed and classified stroke as present if there was a focal neurologic deficit lasting 24 hours or until death, or if <24 hours, there was a clinically relevant lesion on brain imaging and no nonvascular cause. Patients with focal neurological deficits secondary to brain trauma, tumor, infections, or other nonvascular cause were excluded.
Statistical Analysis
Comparison of continuous variables and categorical variables were tested with the analysis of variance and χ 2 test, respectively; KruskalWallis rank test was used for comparing variables with skewed distribution. We compared absolute event rates of stroke by sex and estimated incidence rate ratios using multiple Poisson regression models. To confirm our analysis, we also used the Kaplan-Meier curves and Cox proportional hazard models to estimate hazards ratios. Covariates used in adjustment were: Model 1 adjusting for age, sex, study site, race/ethnicity, hypertension, diabetes, dyslipidemia, and history of smoking; Model 2-1 adjusting for variables in Model 1 plus hsCRP; Model 2-2 adjusting for variables in Model 1 plus carotid IMT; and Model 2-3 adjusting for variables in Model 1 plus CAC. Retinopathy and retinal vessel calibers were included together in the all models. We calculated the Harrell C-discrimination index (c-index), which is an extension of the area under the receiver operating curve to the case of survival data and compared the predictive value of the models. All statistical analysis was performed using Stata 12.1 (StataCorp, College Station, TX). P<0.05 was considered statistically significant. Table 1 summarizes the baseline characteristics of the study cohort. Compared with participants without retinopathy, those with retinopathy were older, had higher systolic BP, greater carotid IMT, higher CAC, and were more likely to be men and have diabetes. Compared with participants with wider (highest tertile) retinal arteriolar caliber, those with narrower (lowest tertile) retinal arterioles were older, had higher systolic and diastolic BP, higher carotid IMT, higher CAC, and were less likely to be female, have diabetes, and to be a current smoker. Participants with larger retinal venular caliber were younger, Tables 2 and 3 ). The presence of retinopathy in overall participants was significantly associated with increased risk of stroke with Poisson regression model (P<0.001; Table 2 ) but marginally significant with Cox regression model (P=0.081; Table 3 ). Specific retinopathy signs of retinal hemorrhages/ microaneurysms and cotton wool spots were significantly associated with higher risk of stroke (Table 2) . Narrower retinal arteriolar caliber was significantly associated with stroke with Poisson regression models (Model 1; Table 4 ). This association was consistently observed with Cox regression models (Model 1; Table 3 ). Wider retinal venular caliber was not associated with increased risk of incident stroke in this study. These associations of nondiabetic retinopathy and smaller central retinal artery equivalent with stroke remained significant after adjusting for hsCRP, carotid IMT, or CAC (Models 2-1 to 2-3; Tables 2-4).
Results
The association between retinopathy and stroke was consistently observed in both men and women (P=0.010 0.013, respectively) and both non-Hispanic white participants and in other 3 ethnic groups studied (ie, blacks, Hispanics, and Chinese Americans; P=0.003 and 0.002, respectively). There was no significant interaction between retinopathy and sex (P for interaction=0.898) or racial/ethnic groups (P for interaction=0.977).
The Harrell c-index for the stroke prediction model with traditional cardiovascular risk factors of age, sex, study site, race/ethnicity, hypertension, diabetes, dyslipidemia, and smoking was 0. 
Discussion
In this prospective analysis of the MESA cohort, the presence of retinopathy signs in persons without diabetes was associated with an approximately 3-fold higher risk of 6-year incident stroke independent of traditional risk factors. This association remained significant after further adjustment for measures of subclinical atherosclerosis in the carotid and coronary arteries (ie, carotid IMT and CAC). Our finding of an association between retinopathy signs and stroke is consistent with previous population-based studies. 1, 2, 8 Mild retinopathy signs such as retinal hemorrhages and cotton wool spots are common in general populations (prevalence 7%-11%) and are considered to be related to small-vessel arteriolosclerosis, retinal ischemia, and breakdown of the blood retinal barrier. 25 The presence of retinopathy has been associated with the prevalence 26, 27 and incidence 1,2,8 of stroke in previous studies. In addition, there is evidence that retinopathy is associated with the presence and progression of white matter lesions. 8, 28, 29 Moreover, our data showed associations between individual retinopathy lesions and stroke risk. Cotton wool spots in the retina are thought to be due to focal retinal capillary obstruction, 30 which potentially reflects similar pathophysiological processes occurring in the cerebral circulation related to stroke. 31 This is in line with the Atherosclerosis Risks In Communities study reporting that cotton wool spots were associated with subclinical cerebral infarct detected by the MRI 27 and risk of stroke in a nondiabetic population. 1, 8 We found that narrower retinal arteriolar caliber, but not wider retinal venular caliber, was associated with risk of stroke. Decreased retinal arteriolar caliber was hypothesized to be associated with risk of stroke. Earlier studies found found that wider retinal venular caliber is associated with stroke. This was confirmed in a meta-analysis based on 6 cohort studies with 20 798 subjects. 4 In this meta-analysis, wider venular caliber was significantly associated with stroke (pooled hazard ratio per +20 μm, 1.15; 95% CI, 1.05-1.25); however, retinal arteriolar narrowing was not associated with stroke (pooled hazard ratio per 20 μm, 1.00; 95% CI, 0.92-1.08), 4 which is not consistent with the findings in MESA reported here. The reason for the difference in arteriolar findings in the current study versus the meta-analysis is not apparent, but the possibility of chance finding cannot be excluded given the relatively small number of events in our generally healthy cohort without a history of cerebrovascular disease at baseline.
Although retinopathy signs, carotid IMT, and CAC have all been associated with incident cardiovascular events independently, 21 it is unclear whether retinopathy signs can contribute to improve predictive value for stroke risk. Our data suggest that the predictive value of retinopathy for stroke risk was comparable to that of other novel risk factors like the hsCRP, carotid IMT, and CAC. However, when retinopathy was added to the model including these novel risk factors, it did not significantly improve the discriminating capacity.
Strengths of this study include its multiethnic sample, longitudinal cohort study design, standardized and detailed assessment of retinal microvascular signs and cardiovascular risk factors including measures of subclinical atherosclerosis, and stroke based on symptomatic end points validated with medical records. Limitations should also be noted. First, the precision of risk estimates was limited due to the small number of incident stroke cases (n=62) in our study, which is likely related to the relatively healthy cohort, which, by design, was free of clinical cardiovascular disease at enrollment. Second, we cannot exclude the possibility of residual confounding effects from other factors or unmeasured factors (eg, longterm hypertension) and chance finding (Type 1 error) for the association between narrower arteriolar caliber and stroke. Additional studies are needed to verify this finding.
Conclusions
Our study showed that middle-aged persons free of clinical cardiovascular disease with retinal microvascular signs were more likely to develop clinical stroke over a 6-year period than those without retinal microvascular signs independent of traditional cardiovascular risk factors and measures of subclinical atherosclerosis. The association between narrower retinal arteriolar caliber and stroke risk in this multiethnic population warrants further investigation. 
